Scoparone, which is a major constituent of Artemisia capillaries, has been identified as an anticoagulant, hypolipidemic, vasorelaxant, anti-oxidant and anti-inflammatory drug, and it is used for the traditional treatment of neonatal jaundice. Therefore, we hypothesized that scoparone could suppress the proliferation of VSMCs by interfering with STAT3 signaling. We found that the proliferation of these cells was significantly attenuated by scoparone in a dose-dependent manner. Scoparone markedly reduced the serum-stimulated accumulation of cells in the S phase and concomitantly increased the proportion of cells in the G0/G1 phase, which was consistent with the reduced expression of cyclin D 1 , phosphorylated Rb and survivin in the VSMCs. Cell adhesion markers, such as MCP-1 and ICAM-1, were significantly reduced by scoparone. Interestingly, this compound attenuated the increase in cyclin D promoter activity by inhibiting the activities of both the WT and active forms of STAT3. Similarly, the expression of a cell proliferation marker induced by PDGF was decreased by scoparone with no change in the phosphorylation of JAK2 or Src. On the basis of the immunofluorescence staining results, STAT3 proteins phosphorylated by PDGF were predominantly localized to the nucleus and were markedly reduced in the scoparone-treated cells. In summary, scoparone blocks the accumulation of STAT3 transported from the cytosol to the nucleus, leading to the suppression of VSMC proliferation through G1 phase arrest and the inhibition of Rb phosphorylation. This activity occurs independent of the form of STAT3 and upstream of kinases, such as Jak and Src, which are correlated with abnormal vascular remodeling due to the presence of an excess of growth factors following vascular injury. These data provide convincing evidence that scoparone may be a new preventative agent for the treatment of cardiovascular diseases.
INTRODUCTION
Myocardial infarction is significantly increased in patients with complicated cardiovascular diseases, such as atherosclerosis, diabetes, hypertension, stroke and coronary artery disease. 1 Balloon angioplasty, which is a technique that includes the mechanical widening of narrowed or obstructed arteries, has been used to treat stenotic coronary arteries and atherosclerosis in narrow blood vessels. Although novel clinical approaches for the prevention of restenosis using drug-eluting stents are available and in use, the mechanisms involved are not fully understood. 2 Vascular remodeling has been studied extensively as a critical mechanism that leads to cardiovascular diseases as a result of vascular damage.
Many studies in the literature have suggested that growth factors and cytokines, such as platelet-derived growth factor (PDGF), have major roles in the pathogenesis of restenosis. 3 Although the expression of PDGF and its receptors are very low or undetectable in normal vessels, PDGF expression is increased at vascular injury sites, followed by the increased activation of platelets and the recruitment of monocytes. 4 The expression of exogenous PDGF in the arteries can induce intimal thickening through the stimulation of VSMC proliferation and migration. 5 It is noteworthy that the inhibition of PDGF and the PDGF receptor by immunological, molecular, biological and pharmacological methods can prevent the development of restenotic lesions in vessels in vivo. 4 Furthermore, signal transducer and activator of transcription 3 (STAT3), which is one of major downstream mediators of PDGF signaling, is activated in these vessels. 6 STAT3 is a member of the STAT family of transcription factors, of which there are seven that regulate various cytokines, growth factors and hormones. 7 The binding of cytokines and growth factors, such as interleukin (IL)-6 and PDGF, to their cognate cell surface receptors, such as gp130 and PDGF receptor, triggers the activation of receptor tyrosine kinases or non-receptor tyrosine kinases, such as JAK2 or Src. 8, 9 These upstream kinases in turn can activate STAT3 by phosphorylating specific tyrosine (Y705) and serine 727 residues (S727). 10 Once they are phosphorylated, STAT3 homo-dimers in the nucleus regulate target genes, such as cell adhesion molecules (for example, matrix metallopeptidase (MMP)-9). 11 Therefore, STAT3 can mediate the effects of various cytokines, especially PDGF, in the vascular remodeling that follows vascular damage.
Scoparone (6,7-dimethoxycoumarin), which is a major constituent of the Chinese herb Artemisia capillaries, has been identified to be a potent anti-coagulant, vasorelaxant, antioxidant, hypolipidemic and anti-inflammatory agent. [12] [13] [14] [15] [16] The protective effect of scoparone involves anti-inflammatory functions that occur via the inhibition of NF-κB activity, leading to the downregulation of pro-inflammatory cytokines and chemokines, such as tumor necrosis factor (TNF)-α, interleukin (IL)-6, IL-8 and monocyte chemoattractant protein (MCP)-1. 16 Interestingly, the free radical scavenging property of scoparone leads to the attenuation of intima thickening and improves hemodynamics in cholesterol-fed alloxan-diabetic rabbits concurrent with decreases in plasma lipid and lipoprotein cholesterol concentrations. 17 However, the molecular targets of scoparone and its ability to halt restenosis have been poorly investigated. In this study, we demonstrated that scoparone can suppress VSMC proliferation, and we provide the molecular mechanism of action related to the direct inhibition of STAT3 activity.
MATERIALS AND METHODS

Animal and primary VSMC cultures
The procedures used in this study were approved by the Animal Care and Use Committee of the Kyungpook National University School of Medicine and conducted according to institutional guidelines. VSMCs were isolated from the thoracic aortas of 4-week-old Sprague-Dawley (SD) rats (Hyochang, Daegu, Korea) anesthetized with pentobarbital sodium anesthesia (50 mg kg − 1 , i.p.) and were maintained in DMEM (high glucose; 4.5 g l − 1 ) supplemented with 10% FBS at 37°C in a humidified 5% CO 2 incubator. Cells from the third to fifth passages were used for the experiments, which were performed as described previously. 18 The purity of the VSMCs was determined by positive staining with a monoclonal antibody to smooth muscle-specific α-actin (catalog #A5228, Sigma, St Louis, MO, USA). All animals were provided ad libitum access to food and water before the study.
Cell migration assay
The rat VSMCs were seeded in six-well plates at 90% confluence and were starved in serum-free media for 24 h followed by incubation in 1% FBS for an additional 24 h. The cells in the wells were detached by razor scraping, rinsed with PBS, stimulated in media containing 20% FBS, co-treated with 0.2% DMSO or 500 μM scoparone for 24 h and then stained with hematoxylin. Cell images were obtained via microscopy with a × 10 objective.
Cell proliferation assays
For the cell proliferation assay, VSMCs (1.5 × 10 3 ) were seeded in 96-well plates and serum-starved for 48 h. After starvation, the cells were stimulated with 20% FBS and co-treated with 0.2% DMSO or 500 μM scoparone in 0.2% DMSO for 72 h using a WST-1 kit (Dojindo Laboratories, Kumamoto, Japan). Data (arbitrary fluorescence units; AFUs) were presented as fold changes vs the control.
Transient transfection assay of HepG2 cells
HepG2 cells were cultured in MEM supplemented with 10% FBS and antibiotics. For transient expression of the plasmids, HepG2 (8 × 10 4 ) cells were seeded in 24-well plates, and, on the next day, they were transfected with 100-200 ng of plasmid using TransIT-LT1 transfection reagent (Mirus Bio Incorporation, Madison, WI, USA). Cytomegalovirus (CMV)-β-galactosidase plasmids were co-transfected as an internal control. After 48 h, the cells were harvested for luciferase and β-galactosidase assays. Luciferase activity was normalized to β-galactosidase activity.
FACS analysis
To examine the cell cycle, VSMCs (3 × 10 5 ) were seeded in 100-mm culture plates. The cells were synchronized at the G0/G1 phase by serum starvation for 72 h, stimulated with 20% FBS and treated with 0.2% DMSO or 500 μM scoparone for 20 h. They were then trypsinized and washed once with cold PBS containing 0.01% CaCl 2 and 2% FBS. Next, they were fixed in 95% cold ethanol at − 20°C for 1 h, stained with 1 ml of staining solution (40 μg ml − 1 propidium iodide, 10 μg ml − 1 RNase A and 0.1% NP-40) for 1 h in the dark at 4°C and analyzed with a FACSCalibur system (BD Bioscience, San Jose, CA, USA).
Immunofluorescence analysis
VSMCs were seeded onto glass slides and allowed to attach for 24 h and then treated with scoparone for 4 h. The cells were fixed with 95% ethanol for 15 min at − 20°C and incubated with antibodies against pSTAT3 (Y705) (catalog #9138, Cell Signaling, Beverley, MA, USA) or STAT3 (catalog #9132, Cell Signaling) followed by incubation with Alexa-488 or Alexa-568-labeled secondary antibodies, respectively. Cell nuclei were stained with DAPI, and confocal images were obtained and merged.
Reagents and plasmids
Scoparone (6,7-dimethoxycoumarin, catalog #254886) and AG490 (JAK2 inhibitor, catalog #T3434) were purchased from Sigma Aldrich (St Louis, MO, USA). PDGF (catalog #120-HD-005) was obtained from R&D Systems (McKinley Place, Minneapolis, MN, USA). Cyclinpro-Luc (−985/+281) and constructs expressing wild-type STAT3-flag or the constitutively active form of STAT3 (STAT3C-FLAG) were kind gifts of Dr James E. Darnell (the Rockefeller University, New York, NY, USA).
Western blot analysis
Cell lysates were prepared using a lysis buffer (20 mM Tris, pH7.4, 10 mM Na 4 P 2 OH, 100 mM NaF, 2 mM Na 3 VO 4 , 5 mM EDTA, pH 8.0, 0.1 mM PMSF and 1% NP-40) containing proteinase and phosphatase inhibitors. Proteins were resolved by Sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) and transferred to an Immobilon-P membrane (Millipore, Billerica, MA, USA). After blocking, the membrane was incubated with primary antibodies. Antiretinoblastoma protein (pRb) (catalog #sc-50) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-phospho-pRb (catalog #9308), cyclin D1 (catalog #2978) and anti-cyclin E (catalog #34189) antibodies were obtained from Cell Signaling, and an anti-β-actin (Catalog #A5441) antibody was purchased from Sigma. The membrane was washed and incubated with a horseradish peroxidase (HRP)-conjugated secondary antibody, and signals were detected using an ECL western blotting detection system.
Statistical analysis
Numerical data are presented as the mean ± s.d. Statistical analyses were performed using an unpaired Student's t-test or one-way analysis of variance (ANOVA) as appropriate, and a P-value of o0.05 was considered statistically significant.
RESULTS
Scoparone inhibits serum-stimulated migration and proliferation of VSMCs
To identify the effect of scoparone on the migration of VSMCs, we performed a cell migration assay in which cells were stimulated with 20% FBS in the presence of 200 μM scoparone after the scraping of quiescent cells. As expected, the FBSinduced migration of the scraped quiescent cells was attenuated by scoparone ( Figure 1a) . Consistent with the degree of migration inhibition by scoparone, the serum-stimulated proliferation of the VSMCs was significantly reduced by this compound in a dose-dependent manner, reaching a 66 ± 2% reduction at 500 μM of scoparone (Figure 1b) . Scoparone did not alter the proliferation of VSMCs that were not stimulated with serum, suggesting that it had cytostatic, and not cytotoxic, effects on these cells (data not shown). To determine which phase of the cell cycle was regulated by scoparone and whether apoptosis was involved in its antiproliferative effects, we performed FACS cell cycle analysis. Quiescent VSMCs synchronized at G0/G1 phase (89.3 → 55.0%) showed marked transitions to S phase (2.8 → 27.4%) and G2-M phase (6.2 → 16.5%) following serum stimulation (Figure 1c) . However, scoparone strongly reduced the serum-stimulated accumulation of cells at S phase by 87% and concomitantly Inhibitory effect of scoparone on proliferation S Park et al increased the percentage of cells at G0/G1 phase by 58% in a dose-dependent manner (Figure 1c ). In particular, scoparone did not lead to any significant accumulation of cells at sub-G1 phase, indicating that apoptosis was not involved in its antiproliferative effect on the VSMCs. Next, we investigated its effect on the expression of cell regulatory proteins, including cyclin D 1 , and the phosphorylation of pRb (ppRb), which are required for cell cycle progression from the G0/G1 to S phases. On the basis of western blot analysis, the levels of cyclin D1 and ppRb were markedly increased between 24 and 48 h after serum stimulation, but scoparone significantly diminished ppRb in time-and dose-dependent manners (Figure 1d ). These results suggest that scoparone suppresses VSMC proliferation by G1 cell cycle arrest through inhibiting ppRb and cyclin D protein expression.
Scoparone downregulates genes, including those encoding cell cycle proteins and proliferation markers, at the transcriptional level Next, we examined the effects of scoparone on the mRNA expression of cyclin D 1 and survivin, which have important roles in VSMC proliferation as STAT3 downstream genes. 19, 20 Semi-quantitative RT-PCR analysis showed that scoparone markedly attenuated the serum-stimulated mRNA expression of cyclin D 1 and survivin at 24 and 48 h (Figure 2a ). In addition, we assessed the inhibitory effect of scoparone on cyclin D1 promoter activity by a luciferase assay and found that it suppressed this activity ( Figure 2b ). We did not find any differences in cyclin E levels (data not shown). Similarly, the upregulation of chemokines, such as MCP-1 and intercellular adhesion molecule (ICAM)-1, by TNF-α appeared to be attenuated by scoparone (Figure 2c ). The quantifications of MCP1, ICAM-1, VCAM-1 and MMP9 were shown in Supplementary Figure 1 . In addition, scoparone significantly decreased the promoter activity of NF-κB in a dose-dependent manner (data not shown). These data demonstrate that the inhibitory effect of scoparone on proliferation and migration might be due to interference with the activities of transcription factors.
Scoparone suppresses transcriptional activity of STAT Several lines of evidence suggest that the JAK-STAT pathway has a major role in vascular proliferation and migration. 21, 22 To determine whether the transcriptional factors involved in vascular remodeling are regulated by scoparone, we examined its effects on the phosphorylated forms of STAT3 after serum activation. The phosphorylation of both the Tyr705 and Ser727 residues of STAT3 was increased in a time-dependent manner (Figure 3a) , and scoparone reduced Tyr705 and Ser727 phoshorylation at each time point. We further confirmed its inhibitory effect on STAT3 activity in HepG2 cells harboring the wild-type (WT) or constitutively active (CA) form of STAT3. We also evaluated the activities of the cyclin-D and M67 promoters, which were found to be regulated by the cytokine PDGF-BB and mediated by STAT activity, 23 by measuring luciferase activity (Figures 3b and c) . Scoparone (200 μM) completely blocked the stimulation of M67 promoter activity due to the overexpression of both STAT forms (WT and CA) (Figure 3c ). We found that the transcriptional activities of both the basal and constitutively active forms of STAT3 were significantly inhibited by scoparone.
Scoparone reduces PDGF-BB-stimulated expression of cyclin D 1 and pRb proteins by suppressing STAT3 activity Because serum contains various factors that can affect VSMC proliferation, we focused on the effect of scoparone on VSMC proliferation following stimulation with PDGF, which has been established as one of the cytokines that is upregulated after vascular injury. 4 Similar to what was observed following serum stimulation, PDGF-BB increased phosphorylated pRb and cyclin D 1 levels at 24 h, and these levels were markedly attenuated by scoparone (Figure 4a ). Concomitantly, scoparone diminished the PDGF-induced phosphorylation of STAT3 (Y705), which resulted from PDGF-BB-induced decreases in MMP-9 mRNA at earlier time points (Figures 4b and c) . These data suggest that the inhibitory effect of scoparone on the proliferation of VSMCs is mainly mediated by inference with the transcriptional activity of Jak/STAT signaling activated by cytokines and growth factors during vascular remodeling.
Scoparone prevents nuclear accumulation of STAT3 after PDGF induction Previously, it has been reported that STAT3 translocation from the cytosol to the nucleus by PDGF induction is essential for its transcriptional activity, and this finding was confirmed by biochemical analysis 6 . Similarly, our immunofluorescence data showed that STAT3 proteins were predominantly translocated to the nucleus from the cytosol following PDGF-BB induction (Figure 5a and Supplementary Figure 2) . To determine whether the inhibitory effect of scoparone on STAT3 phosphorylation is due to the suppression of its upstream signaling, we assessed the effects of scoparone on the phosphorylation of JAK2 and Src, which are two major upstream STAT3 kinases. Scoparone did not reduce the protein levels of constitutively phosphorylated JAK2. Furthermore, Src phosphorylation was not inhibited but was actually increased by scoparone (Figure 5b ). Collectively, these observations suggest that this compound inhibits the phosphorylation and nuclear accumulation of STAT3 independent of the inhibition of the upstream kinases JAK2 and Src. The nuclear pSTAT3 signal was markedly reduced in the scoparone-treated cells. Taken together, these findings indicate that scoparone inhibits constitutive and PDGF-BB-stimulated phosphorylation as well as the nuclear accumulation of pSTAT3 in VSMCs (Figure 5c ).
DISCUSSION
VMSC proliferation is one of the key mechanisms involved in the development and progression of neointimal hyperplasia, which contributes to the pathogenesis of atherosclerosis and restenosis. 7 There have been many experimental trials aimed at developing agents that effectively decrease the neointimal proliferation of vessels after injury and identifying the mechanisms that may be involved. The thrombin receptor antagonist atopaxar and the cyclin-dependent kinase inhibitor indirubin-3′-monoxime can block the abnormal proliferation of VSMCs in a model of vascular injury or by G0/G1 arrest during PDGFinduced VSMC proliferation, respectively. 24, 25 In the present study, we showed that scoparone, which is a derivative of the Chinese herb Artemisia capillaries, potently inhibited DNA synthesis induced by growth factors in VSMCs via the interruption of STAT3 activity, which led to the arrest of cells in the G1 phase of the cell cycle. In addition, we found that enhanced STAT3 translocation to the nucleus by PDGF was significantly attenuated independent of the regulation of upstream Jak2 or Src signaling in VSMCs. As mentioned earlier, PDGF is a potent cytokine that can regulate abnormal vascular remodeling during motility and the process of wound healing that is mediated by JAK2-STAT3 signaling. 23 Growth hormone-mediated JAK2-STAT signaling can be attenuated by the dephosphorylation of tyrosine residues located in its receptors with protein tyrosine phosphatase 1B. This is essential for limiting the actions of growth hormones during cellular stress or with a tyrosine kinase inhibitor, 26, 27 while the increased intake of dietary flavonoids, such as chrysin, can attenuate PDGF-induced proliferation by restoring protein tyrosine phosphatase activity. 28 Upregulated STAT3 associated with the GTPase Rac1 can translocate to the nucleus after PDGF treatment, resulting in the proliferation of airway smooth muscle cells, which may represent a therapeutic target in patients with asthma. 6 Similarly, JAK2/STAT3 inhibition by thrombopoietin mimetics can attenuate myocardial post-ischemic injury and the proliferation of mesangial cells. [29] [30] [31] The blockade of STAT3 activity during stress might alleviate these pathological symptoms.
Recently, we have reported that the inhibition of STAT3 activity, which is the direct target of scoparone, leads to antitumor activity in DU-145 prostate cancer cells. 32 Interestingly, scoparone can attenuate the proliferation of cancer cells that display heightened STAT3 activity. In addition, the inhibition of STAT3 activity by scoparone has a critical role in the proliferation of VSMCs based on our data. Further, the beneficial effects of this compound have been demonstrated in patients with hepatic failure through the inhibition of Toll-like receptors, 33 in lipopolysaccharide-activated human endothelial cells through decreases in tissue factor expression, 15 and in RINm5F cells by conferring protection against IL-1-and IFN-mediated cytotoxicity. 34 In addition, we observed that scoparone inhibits platelet aggregation, which might be related to interference with the binding of p21-activated kinases and the Rho family of small GTP binding proteins, which is consistent with the findings of Aslan et al. 35 Taken together, these findings suggest that scoparone, which has been traditionally used for the treatment of metabolic diseases, prohibits abnormal cell proliferation by attenuating STAT3 activity, leading to G0/G1 arrest and reductions in vasoactive molecules. In addition to the interference of scoparone with STAT3 activity during VSMC proliferation, the upregulation of chemokines, such as MCP-1, ICAM-1 and TNF-α, might also be caused by this compound, resulting in protection from cardiovascular diseases. This finding should be further investigated. Therefore, scoparone could be a therapeutic drug for the treatment of patients with vascular diseases.
